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Detecting low level sequence variants
in recombinant monoclonal antibodies
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A systematic analytical approach combining tryptic and chymotryptic peptide mapping with a Mascot Error Tolerant
Search (ETS) has been developed to detect and identify low level protein sequence variants, i.e., amino acid substitutions,
in recombinant monoclonal antibodies. The reversed-phase HPLC separation with ultraviolet (UV) detection and mass
spectral acquisition parameters of the peptide mapping methods were optimized by using a series of model samples
that contained low levels (0.5-5.0%) of recombinant humanized anti-HER2 antibody (rhumAb HER2) along with another
unrelated recombinant humanized monoclonal antibody (rhumAb A). This systematic approach’s application in protein
sequence variant analysis depends upon time and sensitivity constraints. An example of using this approach as a rapid
screening assay is described in the first case study. For stable CHO clone selection for an early stage antibody project,
comparison of peptide map UV profiles from the top four clone-derived rhumAb B samples quickly detected two sequence
variants (M83R at 5% and P274T at 42% protein levels) from two clones among the four. The second case study described
in this work demonstrates how this approach can be applied to late stage antibody projects. A sequence variant, L413Q,
present at 0.3% relative to the expected sequence of rhumAb C was identified by a Mascot-ETS for one out of four top
producers. The incorporation of this systematic sequence variant analysis into clone selection and the peptide mapping
procedure described herein have practical applications for the biotechnology industry, including possible detection of
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polymorphisms in endogenous proteins.

Introduction

Unintended amino acid substitutions, also known as sequence
variants, are a concern during the production of recombinant
human monoclonal antibodies (rhumAbs) and other recombi-
nant proteins that are being developed as therapeutics. As such,
detection of potential sequence variants during clone selection
and bioprocess development are important to the biotechnology
industry.

Alterations in the primary structure of a protein can occur as
the result of changes at the nucleic acid or protein level“* and fall
into three broad categories: mutations at the DNA level, misin-
corporation at the protein level due to mistranslation or improper
tRNA acylation, and miscleavage during the post-translational
processing. For example, misincorporation of lysine for argin-
ine has long been reported in recombinant proteins expressed in
Escherichia coli (E. coli) when the rare Arg codon, AGA, is used.**
The replacement of Gln at His positions has also been observed
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and explained due to mistranslation.’ Furthermore, read-through
of the UGA stop codon resulted in the incorporation of Trp and
extension of the gene product, recombinant human methionyl-
neurotrophin 3.° A translational error associated with another
rare Arg codon, CGG, induced a missense +1 frameshift and Gln
(CAG codon) extension.” Misincorporation of amino acid ana-
logs, such as norleucine at methionine positions®’ and norvaline
at leucine positions,'® during protein production in E. coli could
be explained by improper tRNA acylation, most likely due to
the amino acid analogs having similar structural characteristics
as their original amino acids. An example of an altered primary
sequence resulting from polypeptide processing events is mis-
cleavage of the mouse leader sequence giving a Ser extension at
the N-terminus of the light chain of recombinant mouse mAbs
produced in hybridoma culture."

Two examples of amino acid sequence changes ascribed to
misincorporation at the protein level were reported recently in
recombinant mAbs expressed in CHO cells.'*** However, most of
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the sequence variation cases observed to date in thumAbs seem to
be caused by variations at the DNA level."*'® These changes may
be due to increased mutation rates associated with transfection
of DNA into mammalian cells.? Harris et al. reported a Y376Q
variant in the heavy chain of thumAb HER2 produced in CHO
cells from a vector carrying the dihydrofolate reductase (DHFR)
gene.” Dorai et al. reported that about 10% of a recombinant
peptide-antibody fusion protein, expressed with a CHO cell line
transfected with a glutathione synthetase-containing expression
vector, is present as a Phe to Leu sequence variant.”” These two
antibody variants were verified by analysis using the polymerase
chain reaction (PCR), which revealed the genetic variations at
the DNA level in some subclones of stable parent CHO expres-
sion cell lines."*"> A complex sequence crossover variant case was
reported by Wan et al. and involved a recombinant mAbs specific
¢ The study revealed that the
crossover event happened between the V genes of the light and

to a unique epitope on human IgE.

heavy chains of the antibody, which resulted in a variant heavy
chain with 16 fewer residues.'®

In recent years, a number of amino acid substitutions have
been observed in our laboratories. These sequence variants were
detected while fully characterizing the antibodies using analyti-
cal techniques, such as liquid chromatography-mass spectrometry
(LC-MYS) for molecular mass determination, peptide mapping
and ion-exchange chromatography (IEC). In order to system-
atically screen for sequence variants, it is necessary to develop
appropriate methodologies and incorporate them into the stable
cell line development process for final selection of the production
clone for manufacturing,

Our main challenge for sequence variant analysis is the detec-
tion and identification of low-level variants in thumAbs. In the
published cases cited above, the detection of variant species often
relied upon separation of the variant proteins or peptides. The
limitation of such approaches is that variant proteins or peptides
are not always detectable as distinctly resolved peaks when using
liquid chromatographic methods. Proteins or peptides containing
amino acid substitutions may elute in the flow-through fraction
or co-elute with the dominant expected protein or peptide peaks.
To separate and enrich variant antibodies for characterization,
various chromatographic and electrophoretic methods can be
employed;"” however, it is time consuming to develop a suitable
chromatographic/electrophoretic separation method for a partic-
ular sequence variant. Furthermore, a particular method may not
be applicable for another sequence variant as the nature of amino
acid substitution varies. Wade outlined a general approach for
detecting protein sequence variants through mass measurement
of intact protein using MS.** Chemical or enzymatic cleavage was
then used to generate a peptide mixture for MS analysis to locate
variation sites. For thumAbs, it is difficult to directly detect low-
level variants by intact mass measurement since these signals are
often masked by signals from the expected antibody, which is
much more abundant.

With the recent advancement in MS and related proteomic
data mining software, developing a broadly applicable and
systematic analytical approach to detect and identify protein
sequence variants has become possible. In 2000, Yates’ lab
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published pioneering work in identifying protein sequence vari-
ants resulting from single-nucleotide polymorphisms (SNPs)
using a mass spectrometric method."” By combining LC-MS/MS
characterization of the peptide mixtures generated from digests
with multiple proteases with an automatic data analysis approach
using a modified version of the SEQUEST program, they were
able to identify all of the amino acid sequence variations in a mix-
ture of six versions of human hemoglobin.” In 2002, Creasy and
Cottrell introduced an error tolerant mode for database matching
of uninterpreted tandem MS data that already have at least one
significant protein match.?’ The concept of SNPs as demonstrated
by Yates et al.” was adopted in the error-tolerant search (ETS)
program for identifying primary sequence variants. In the search
engine, in addition to a comprehensive list of chemical and post-
translational modifications, a substitution matrix was generated
by back translating each amino acid residue to its codon, making
all possible single base substitutions, and then re-translating to
the amino acid sequence. The ETS mode has been implemented
as a second pass method in the commercially available Mascot
web-based computer search program.

In this work, we present a general procedure to detect and
identify sequence variants in thumAbs by combining HPLC-UV/
MS/MS characterization of peptide maps with the Mascot-ETS
data analysis package. The HPLC-UV/MS/MS acquisition
methods were optimized by using a sequence variant model sys-
tem prepared by mixing two highly similar thumAbs in vary-
ing proportions. Two case studies are included to demonstrate
how this sequence variant analytical approach was incorporated
into the stable CHO cell line development of two therapeutic
thumAb projects.

Results

Tryptic peptide mapping with UV detection for the sequence
variant analysis. Development of a robust tryptic peptide map-
ping method that can be applied to a variety of thumAb molecules
required optimization of the gradient and column temperature.
The method we developed to identify a glycation hot spot in a
rthuMAb?* was adopted as a starting point in this work. The in sil-
ico tryptic digestion of IgG1 recombinant humanized thumAb A
or thumAb HER?2 resulted in approximately 60 peptides, includ-
ing about 24 small peptides with molecular masses less than 600
Da. To separate the small peptides from the flow-through solvent
front peaks, the first part of the gradient was initiated at 0% sol-
vent B (0.09% TFA in 90% acetonitrile). The main portion of
the gradient was then revised to be even shallower (0.22% solvent
B per minute), which covers the gradient from 10% solvent B
to 40% solvent B in 137 minutes before the gradient is rapidly
increased to 95% solvent B in 2 minutes for the column wash
and regeneration. This shallow gradient was designed to achieve
good chromatographic separation for the majority of the thumAb
tryptic peptides. The column temperature was raised from 45 to
55°C to provide robustness and reduce column carry-over of the
hydrophobic peptides.

This tryptic peptide mapping method with HPLC-UV detec-
tion was applied to rhumAb HER2 and rthumAb A, respectively
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Figure 1. Full view of the HPLC-UV peptide maps of rhumAb HER2 and rhumAb A. (A) Tryptic map of rhumAb HER2; (B) Tryptic map of rhumAb A; (C)
Chymotryptic map of rhumAb HER2; and (D) Chymotryptic map of rhumAb A.

(Fig. 1A and B). Almost all of the 60 theoretical tryptic peptides
were separated from one another with the exception of several
hydrophilic di- and tripeptides that eluted in the solvent front.
Automatic integration of the tryptic peptide map from 3 min-
utes to 160 minutes demonstrated a total of about 80 individual
peaks for the tryptic digests of thumAb HER2 and rhumAb A,
indicating that some miscleaved peptides were produced during
the tryptic digestion.

This tryptic peptide mapping method with HPLC-UV detec-
tion was also evaluated using the sequence variant model samples
(Fig. 2). Visual comparison of the profiles of the mixed rhumAb
HER2 and rhumAb A model samples revealed ten new peaks
that were not present in the control sample of thumAb A. Nine of
the new peaks were confirmed by MS analysis to be the rhumAb
HER2 peptides (Table 1), while the new peak at 84 minutes
was a miscleaved tryptic peptide from rhumAb A. The remain-
ing four peptides, out of the total of 13 distinct tryptic peptides
from rhumAb HER2 (Table 1), were not detected by direct com-
parison of the tryptic map UV profiles, indicating they may co-
elute with the abundant rhumAb A peptides or the solvent front.
Figure 2 shows the stacked view of the first portion of the maps
(with a retention time of 0 to 60 minutes). To define the detec-
tion sensitivity of a peptide sequence variant by UV profiling,
the relative percentage of its peak area against the total peak area
of all peptide peaks in a map was considered as an appropriate
indicator because, at this UV detection stage, the identity of the
variant peptide would likely be unknown. By automatic integra-
tion of the entire map, all of the 9 fully resolved thumAb HER2
peptide peaks could be detected at levels 20.03% relative to total
peak area of peptides when thumAb HER2 was added to the

www.landesbioscience.com

mAbs

thumADb A sample at 3% and 5% (Table 1). However, when 1%
thumAb HER2 was added to the thumAb A sample, HC-T9
at 46.6 minutes, HC-T10 at 68.6 minutes, and LC-T5 at 114.0
minutes became indistinguishable from background UV signals.
It is reasonable to propose that the limit of detection of this UV
profiling approach is 0.03% for a well resolved variant peptide
peak relative to total peak area of all peptides in the tryptic pep-
tide map; this corresponds to ~3% at the protein level relative to
an expected rhumAb.

Optimization of tandem mass spectrometry acquisition
parameters. The sensitivity of UV profiling thumAb tryptic
peptide maps can be addressed by using MS detection. Detection
and identification of sequence variant peptides by MS requires
acquisition of MS/MS data for the variant peptides. With a typi-
cal LTQ MS data acquisition setting, only a few of the top, most
intense ions are selected for data-dependent ion zoom scans and
a subsequent product ion scan (MS/MS) after collision-induced
dissociation (CID). The ion intensities for the minor sequence
variant peptides are usually low and their signal appearance win-
dows are narrow. Data-dependent scans could not normally be
triggered for variant peptide ions, particularly when they co-elute
with abundant expected peptides because they may not rank
among the top most intense ions in a full MS scan spectrum.
To address this issue, the dynamic exclusion (DE) function can
be activated during LTQ tandem mass spectral data acquisition.
The DE function allows an LTQ mass spectrometer to conduct
MS/MS scans on a significantly larger number of peptides that
have a low ion intensity, instead of having to repeat MS/MS scans
on a few of the most intense peptide ions.”” Meanwhile, MS/MS
data redundancy can be reduced.
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Figure 2. Partial region of the tryptic peptide maps of the model samples (3 to 60 minutes). (A) rhumAb A as the control; (B) 0.5% rhumAb HER2 in
rhumAb A; (C) 1% rhumAb HER2 in rhumAb A; (D) 3% rhumAb HER2 in rhumAb A; and (E) 5% rhumAb HER2 in rhumAb A.

Table 1. HPLC-UV/MS/MS characterization of distinct tryptic peptides of rhumAb HER2 with sequences different than those of rhumAb A

Retention UV detection relative peak MS/MS acquisition on 0.5%
Number® Sequence time area % against entire map spiking sample
(minutes) 50, 3% 1%  0.5% DE"disabled  DE enabled
HC-T2 LSCAASGFNIK 65.3 0.19 0.13 0.06 NDs Acquired Acquired
HC-T3 DTYIHWVR 70.2 0.18 0.10 0.04 ND Acquired Acquired
HCT5 GLEWVAR 63.8" ND ND ND ND Missed Acquired
HC-T6 IYPTNGYTR 374 0.08  0.05 0.02 ND Acquired Acquired
HCT7 YADSVK 24.7 0.05 0.03 0.01 ND Acquired Acquired
HCT8 GR 2~3" ND ND ND ND Missed Missed
HC-T9 FTISADTSK 46.6 0.05 0.03 ND ND Acquired Acquired
HC-T10 NTAYLQMNSLR 68.6 0.06  0.04 ND ND Acquired Acquired
HC-T11 AEDTAVYYCSR 41.3 0.11 0.08 0.04 0.03 Acquired Acquired
HCT12 WGGDGFYAMDYWGQGTLVTVSSASTK 120.7 0.18 0.1 0.06 0.04 Acquired Acquired
LCT3 ASQDVNTAVAWYQQKPGK 63.2" ND ND ND ND Missed Acquired
LCT5 LLIYSASFLYSGVPSR 114.0 0n 0.06 ND ND Acquired Acquired
LCT7 SGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQQTK 125.2° ND ND ND ND Missed Acquired

2HC, heavy chain; LC, light chain; T, tryptic peptide. The peptides listed are numbered as they occur in the rhuMAb sequence. °DE, dynamic exclusion.
ND, not detected. “ND” was assigned when an integrated peak area of a peptide is <0.03% relative to the total peptide peak area. The retention time

of a co-eluting peptide.

Using a model sample (thumAb A with 0.5% rhumAb HER?2)
as a test case, we compared LTQ ESI-MS/MS data acquisition
methods with and without the DE function. Key parameters
related to the DE, such as scan event numbers, dynamic repeat

counts and the exclusion duration time, were evaluated simul-
taneously. With the DE function enabled, the MS/MS spectra
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were acquired for almost all of the co-eluted low level thumAb
HER?2 peptides (Table 1). The only missed peptide was HC-T8,
a dipeptide with a sequence of GR and a mass that was outside
of the LTQ full MS scan range (300-2000); however, without
enabling the DE function, MS/MS spectra could not be acquired
for variant peptides HC-T5, LC-T3 or LC-T7 (Table 1). Review
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of the full MS scans for these three peptides indicated
that their spectra were dominated by intense ions from
multiple charged ions from the abundant expected pep-
tide ions. Those co-eluting low intensity ions were all
ranked in lower order than the fifth most intense ion.
This demonstrates that enabling the DE function is
critical for acquiring MS/MS data for low level sequence
variant peptides.

Chymotryptic peptide mapping as a complementary
method. Tryptic peptide mapping alone cannot neces-
sarily provide 295% overall sequence coverage for a
thumAb. In general, there are approximately two dozen
small peptides with molecular masses smaller than 600
Da that are generated by tryptic digestion of a thumAb.
If an amino acid substitution takes place in these peptide
sequences, it probably will not be detected by a Mascot
search of the raw tandem mass spectra data. The search
score for these small peptides is usually too low to be
considered as a confident hit. Moreover, a peptide with
molecular mass around 6,700 Da that spans more than
60 amino acid residues in the Fc region is often generated
by tryptic digestion of rhumAbs with an IgGl frame-
work. This peptide usually does not ionize or fragment
well in the LTQ mass spectrometer. Consequently, the
quality of the MS/MS spectra is poor and results in its
mis-identification by automatic Mascot database search.

Determined levels of rhumAb HERZ2 in rhumAb A (%)

Due to lack of specificity, a chymotryptic peptide
map of an antibody tends to be complicated. As shown
in Figure 1C and D, chymotryptic maps are consider-
ably more complex than tryptic maps. Over 120 pep-
tide peaks were observed for each of the chymotryptic
digests of thumAb A and rhumAb HER2. Tandem MS

A Peptide HC-T10
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—aA—True levels
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characterization suggests that chymotryptic digestion of

thumADb A and rhumAb HER2 generates many nonspe-
cifically cleaved peptides composed of 5 to 15 amino acid
residues. In particular, missing tryptic peptides, which

often include small peptides with molecular masses <600

Figure 3. Estimation of the relative percentage of variant rhumAb HER2 in
rhumAb A based on the peak area percentages of ultraviolet (UV) and extracted
ion chromatogram (EIC) signals of rhumAb HER2 peptides HC-T10 (A) and HC-T11
(B) relative to their corresponding rhumAb A peptides.

Da, can be found using a chymotryptic map. Sequence
identification is therefore possible using automatic
Mascot database search based on the MS/MS spectra from the
chymotryptic map. The overall sequence coverage by tryptic
or chymotryptic mapping with LC-MS/MS analysis was 88%
and 87%, respectively, for thumAb HER2 when it was added to
rthuMADb A at the 1% protein level (data not shown); however, by
combining both methods, an overall sequence coverage of 98.5%
was achieved for rhumAb HER2 at the 1% level. In addition,
for those overlapping amino acid sequences, which account for
approximately 69% of the entire sequence of thumAb HER2, the
two enzymatic peptide mapping methods confirm one another,
thereby increasing the sequence variant detection confidence.
The purpose of using chymotrypsin for the secondary map is to
increase the sequence coverage to enable more complete detection
of potential sequence variants at any residue. It should be noted
that, due to their lack of specificity and complex chromatograms,
chymotryptic peptide maps are generally not suitable for estimat-
ing the relative percentage of a sequence variant.
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Estimating the relative percentage of sequence variants. To
accurately quantify sequence variants by MS, stable isotope label-
ing of the peptides would be the most appropriate method, but it
is not practical to synthesize the stable isotope labeled variant and
expected peptides and develop a calibration curve to accurately
quantify the sequence variants for screening clones because of the
time and cost involved. Hence, an estimate of the sequence vari-
ant level can be made based on the UV profile of a peptide map
when both the variant peptide and expected peptide are well sep-
arated. When they are not well resolved, integration of extracted
ion chromatograms (EIC) of variant and expected peptides can
be used. This estimate of relative percentage is often sufficient for
clone selection purposes as those clones that produce significant
levels of sequence variants are often not further developed.

The mixed thumAb HER2 and rthuMAb A model samples
were used to evaluate the accuracy of the UV-and MS-EIC-based
quantification methods. The HC-T10 and HC-T11 peptides
(Table 1) of thumAb HER2 were selected as marker peptides for
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quantification purposes because they are well
separated from other abundant peptide peaks
and their sequences (NTAYLQMNSLR and
AEDTAVYYCSR, respectively) differ from
the corresponding peptides of thumAb A by
only one amino acid residue (A replaced by F
for HC-T10 and S replaced by A for HC-T11,
respectively). The rhumAb HER2 levels in
thumADb A can be experimentally determined
by integrating the UV or EIC signals of these
two marker peptides and calculating against
the peak areas of their corresponding rhumAb
A peptides. As shown in Figure 3A and B, the
rhumAb HER2 levels estimated based on the
UV signals of HC-T10 and HC-T11 peptide
markers are systematically slightly higher than
their true percentages added at the protein
level. This suggests that the UV signals of
the variant peptides could be used as markers
to reasonably estimate the levels of thumAb
HER2 added if a standard calibration curve is
established to correct the systematic determi-
nation error. It should be pointed out that the
numbers presented in Figure 3 are different
from those listed in Table 1, where the HC-T10
peptide levels based on automatic integration
of all UV signals were calculated against the
total peptide peak area of the entire map.

The relative percentages of rhumAb HER2
determined based on EIC profiles of the two
peptides correlate well with the true spiking
thumAb HER?2 levels. This is not surprising
because the one amino acid change between
thumAb HER2 peptides of HC-T10 (Ala to
Phe) and HC-T'11 (Ser to Ala) and their cor-
responding thumAb A peptides did not gen-
erate large changes in chemical characteristics
or ionization efficiency. However, for those
variant peptides with nonconservative amino
acid substitutions that may cause significant
change in charge state or hydrophobicity, an
estimate obtained using this approach is prob-
ably less accurate.

Case I: visual comparison of the peptide
mapping UV profiles finds sequence abnor-
mality in rhumAb B samples. During the
early stage of stable CHO cell line develop-
ment, the top four producers of rhumAb

Figure 4. Comparison of tryptic (A and B) and
chymotryptic (C) peptide maps of rhumAb B
materials derived from the top four clones: #3, #6,
#104 and #11, in the specific regions. The peptide
peak labeled as P2 in (B) is identified to be an
expected peptide with sequence of TPEVTCV-
VVDVSHEDPEVK, P2 was named after N2 to imply
they are related.
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‘ Figure 5. MS/MS spectrum of the variant peptide NTLYLQR of rhumAb B from clone #3.

B (Clone #3, #6, #11 and #104) were selected based on their
high titer and desirable growth and product quality characteris-
tics. The thumAb B samples were expressed from the four stable
CHO clones and purified by Protein A affinity chromatography.
The two-enzymatic peptide mapping methods were used to char-
acterize sequence variants. After enzymatic digestion and data
acquisition with the online HPLC-UV/MS/MS instrumenta-
tion, the HPLC-UV tryptic peptide maps of the thumAb B sam-
ples were overlaid and compared. A new peak N1 at 48 minute
in clone #3 (Fig. 4A) and another new peak N2 at 88 minute in
clone #11 (Fig. 4B) were observed when comparing the UV maps
in an expanded view. Integration of the new peaks showed that
peak N1 is 0.05% and peak N2 is 0.9% against the total peak
area of all peptides, respectively. We estimated that, based upon
the above modeling study, the corresponding variant antibodies
of the two new peptide peaks could be higher than 3% at the
protein level.

Comparison of the chymotrypsin peptide map UV profiles
was also performed. A stack view of the chymotryptic peptide
maps of thumAb B samples from the top four clones are shown in
Figure 4C. There was no new peak in clone #3 that corresponded
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to the new peak N1 that was observed in the tryptic map. Due to
the relatively non-specific activity of the chymotrypsin enzyme
and the resulting multitude of peaks produced in its peptide map,
it is likely that the peak corresponding to the new peak NI co-
eluted with another peak in the chymotrypsin map. A new peak
was observed in the chymotryptic map at 122 minutes in clone
#11 (Fig. 4C) that was later confirmed to be related to the new
peak N2 observed in the tryptic map.

Tandem mass spectral data of the tryptic peptide maps were
collected simultaneously with the UV profiling using the LC-MS/
MS acquisition method that was developed with the DE function-
ality enabled. A first-pass Mascot search with the acquired MS
data led to the identification of all of the peptide peaks except the
new peptide peaks N1 and N2. The sequence coverage of the tryp-
tic peptide map was 89% for the intact antibody. While eighteen
small (di-, tri- or tetra-amino acid) peptides were missed on the
tryptic peptide map, most of them were covered by the comple-
mentary chymotryptic peptide map. The combined sequence cov-
erage from the tryptic map and the chymotryptic map was 99%.

With a second-pass Mascot error tolerant search submitting
only the MS/MS data for the new peaks, peak N1 was assigned
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as an MB83R sequence variant peptide of NTLYLQM (MH+
882.44, covering heavy chain residues 77 to 83 of thumAb B)
and peak N2 was assigned as a P274T sequence variant peptide
of TPEVICVVVDVSHEDPEVK (MH+ 2140.01, covering
heavy chain residues 259 to 277 of thumAb B). Manual investi-
gation was necessary to confirm Mascot-ETS assignment of the
sequence variants. Figure 5 shows the MS/MS spectrum of the
variant peptide N1 at 48 minute of a doubly charged m/z 454.16
ion. The MS/MS spectrum of the variant peptide showed a mass
shift of +25 Da in all of the y-ions and no mass shift in any of
the b-ions if they are compared to the theoretical fragment ions
of the expected peptide NTLYLQM, indicating a change at the
C-terminal methionine residue of the peptide. Methionine cya-
nilation,* a chemical modification of methionine causing a mass
addition of 25 Da, was deemed unlikely under our experimental
condition. Furthermore, the apparent tryptic cleavage at M83
cannot be explained by any modification on methionine.

Figure 6A and B show the MS/MS spectra for the variant
peptide from peak N2 of a doubly charged ion of m/z 1072.48
and the expected peptide from peak P2 of a doubly charged
ion of m/z 1070.48, respectively. In the MS/MS spectrum of
the variant peptide, a mass shift of +4 Da was observed in the
y-ion series starting from y4 of m/z 476.36 and the same mass
shift was observed in the b-ion series starting from bl6 of m/z
1770.72. The mass shift in the b- and y-ions series pinpoints
a change at P274 of the expected P2 peptide with sequence of
TPEVTCVVVDVSHEDPEVK. The mass shift of +4 Da is con-
sistent with a P274T amino acid substitution. Further evidence
was found to support the identification of the P274T sequence
variant when the overall MS/MS fragmentation patterns were
compared. For the expected peptide, two prominent fragment
ions, y4 (m/z 472.29) and b15 (m/z 1668.78), were present in the
MS/MS spectrum. This distinct fragmentation pattern was the
result of a preferential breaking of the peptide bond D273-P274
due to the proline effect.”>** In contrast, the corresponding y4
and b15 ions in the variant peptide MS/MS spectrum were greatly
decreased. Finally, the UV peptide maps shown in Figure 4B
provide additional evidence. First, the decrease of the expected
peptide peak P2 at 89.6 minute and the appearance of the new
peak N2 at 88 minute in clone #11 suggest that peak N2 and P2
are related, since no other new peak was observed in the peptide
map of the clone sample. Second, the variant peptide N2 eluted
1.6 minutes earlier than the P2 peak, which is consistent with
the hydrophobicity loss when proline was replaced by a threonine
residue.

The levels of the sequence variants in clone #3 and clone #11
were estimated based on both the UV map and the extracted ion
chromatogram. For the M83R sequence variant in clone #3, the
variation introduced a trypsin cleavage site and the variant pep-
tide NTLYLQRNSLR was cleaved to two peptides NTLYLQR
and NSLR during peptide mapping. NSLR is a short hydrophilic
peptide that was eluted in the flow-through peak. NTLTLQR is
the variant peptide peak N1 observed in the map. The level of
the M83R sequence variant was estimated using the integrated
peak NI area divided by the sum of the peak area for N1 and
the expected peptide NTLYLQMNSLR. This approximation
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actually underestimated the level of the M83R sequence variant
in clone #3 since the peak area of peptide NSLR, which was not
available, was not included. Based on the UV map, the M83R
sequence variant was estimated to be 6%. Based on the extracted
ion chromatogram, the level of M83R sequence variant in clone
#3 was estimated to be 5%.

For the P274T sequence variant in clone #11, both the
expected peptide peak P2 TPEVTCVVVDVSHEDPEVK
(90.0 minute) and the P274T variant peptide peak N2
TPEVTCVVVDVSHEDTEVK (88.4 minute) were completely
separated. The level of the P274T sequence variant was estimated
to be 43% based on the UV peak area of the variant peak divided
by the sum of the UV peak areas of the expected wild type and
variant peptide peaks. Based on the EIC, the level of P274T
sequence variant was 45%. The P274T sequence variant level
determined by EIC is very close to the level determined by UV,
probably because the variant and wild type peptide are chemi-
cally similar for ionization and the HPLC solvent composition
was very similar since these two peptides eluted very close to each
other on the peptide map.

Case II: Mascot-ETS reveals an extremely low level sequence
variation in a rhumAb C sample. The UV profiles of both tryptic
and chymotryptic peptide maps of thumAb C samples from the
top four clones were overlaid and compared (data not shown). No
outstanding new peak with a peak area percentage higher than
0.03% against total peak area was observed when comparing the
UV maps in an expanded view. It suggests that the sequence vari-
ants, if any, in the top four clone thuMAb C samples are below
the detection limit of UV peptide maps. In this case, we relied on
mass spectral data and Mascot-ETS for detecting extremely low
levels of sequence variants.

The tandem mass spectral data of entire tryptic maps of the top
four clone thumAb C samples were submitted to auto-analysis by
Mascot-ET'S and a list of tentative sequence variants, in size up to
approximately twenty for each clone, could be generated. Many
of the suggested sequence variants are false positives and could
be ruled out by manual investigation.?? For example, the manual
assessment results of seven Mascot-ETS suggested sequence vari-
ants for clone#110 was summarized in Table 2. Among them, the
Asp replacement by His (No. 1 in Table 2) was easily identified as
a false positive because the suggested variant peptide co-eluted on
the tryptic peptide map with its corresponding expected peptide,
which is contradictory with the peptide hydrophobicity change.
It is known that the carboxyl side chain of the acidic residues (D,
E) readily pairs with the alkaline ion (Na* or K*) during electro-
spray ionization;® the ETS suggested D-to-H substitution most
likely came from the sodium adduct ion of the expected peptide.
The Asn replacement by His (No. 4 in Table 2) suggested by
the auto-database search was most probably based on the mass
change of 23 Da. We concluded that it is also a false positive
due to a sodium adduct because the suggested variant peptide
co-eluted with the deamidated form of its expected peptide. In
the expected peptide, the Asn residue is adjacent to a Gly, which
makes the Asn prone to deamidation.? The sodium adduct could
be formed with the deamidated form of Asp or isoAsp, resulting
in a combined mass shift of 23 Da from the expected peptide.
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Figure 6. MS/
MS spectra

of the vari-
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peptide (B)
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from clone
#11.
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Table 2. Manual assessment of the Mascot-ETS results of rhumAb C clone #110

No. Peptide sequence Suggested sequence variant Assessment Rationale
1 VAFHTYYPDSMK D—H [+22.03] False Co-elution; Sodium adduction
2 STSGGTAALGCLVK C—Y [+60.05] False Cys S-carboxymethylation
3 VVSVLTVLHQDWLNGK L—P [-16.03] False Asn succinimide intermediate
4 GFYPSDIAVEWESNGQPENNYK N—H [+23.02] False Co-elution; Sodium adduction
5 GFYPSDIAVEWESNGQPENNYK S—A[-15.99] False Asn succinimide intermediate
6 LTVDK L—Q [+14.97] True See the results section
7 DIQMTQSPSSLSASVGDR D—V [-15.96] with Met Oxidation [+16] False MS/MS shows Met not oxidized

Note: The suggested amino acid substitution site from Mascot-ETS is highlighted in bold.
The suggested Leu substitution by Pro and Ser by Ala (No. 3 Discussion

and 5, respectively, in Table 2) sequence variants were ruled out
because the MS/MS spectra of the variant peptide showed that
the mass shift (-16 Da) was not from the suggested Leu or Ser
residue, but from the adjacent Asn residue. Because the Asn is fol-
lowed by a Gly residue, the observed variant peptides were most
likely succinimide intermediate forms of the expected peptides
characterized by a loss of 17 Da on the Asn residue. For the ETS
suggested Cys replacement by Tyr sequence variant (No. 2 in
Table 2), the variant peptide also co-eluted with the carboxym-
ethylated form of the expected peptide, and so it was considered
a false positive. The wrong assignment of the variant by ETS was
probably due to the limited mass accuracy (3 Da) of LTQ, which
made it indistinguishable from the amino acid substitution (+60
Da) and the S-carboxymethylation (+58 Da) for ETS. The sug-
gested sequence variant No. 7 comes with concurrent double
changes: D-to-V amino acid substitution (mass shift is -16 Da)
and methionine oxidation (mass shift is +16 Da). Manual inves-
tigation of the MS/MS spectrum revealed that the methionine
residue was not oxidized. Also, the net mass difference of the
suggested variant peptide is zero. Hence, it was ascribed as a false
positive.

The ETS-suggested Leu replacement by Gln (No. 6 in Table
2) was the only one confirmed to be a true sequence variant for
clone #110 by manual investigation. The expected peptide was
LTVDK (MH* 575.34, spanning heavy chain residues 413 to
417 of thumAb C) and the variant peptide was QTVDK with an
observed mass of m/z 590.22. Figure 7 shows the MS/MS spectra
for the expected peptide at 30.0 minutes (Fig. 7A) and for the
variant peptide at 16.9 minutes (Fig. 7B). All of the b-ions of the
variant peptide exhibited a mass shift of 14.97 Da, while the y-ions
matched those from the expected peptide. The MS/MS spectrum
was consistent with the L413Q amino acid substitution at the
N-terminus of the variant peptide. The retention time shift from
30.0 minutes to 16.9 minutes was also consistent with the decrease
in peptide hydrophobicity that occurs with the amino acid substi-
tution of a Leu with a Gln. The level of this sequence variant was
estimated to be 0.3% based on the calculation of the peak area
of the EIC of the variant peptide divided by the sum of the peak
areas of the EIC signals of the expected and variant peptides.
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Unintended amino acid substitutions resulting from mutations
or translational errors have been observed in several positions in
thumAbs, including CDRs and constant regions, in our labora-
tories. Although it is difficult to assess the possible deleterious
effects in humans due to minor amounts of those variants in
thumAb therapeutics, altered bioactivity and increased immu-
nogenicity are potential concerns. For example, a single Asn35
mutation to Ser in the first CDR of the light chain of a mAb
decreased its binding affinity slightly.'> While sequence variants
in constant regions are less likely to affect the binding proper-
ties of an IgG molecule, they have the potential to modify the
allotype, which could ultimately provoke immune responses as a
result of allo-immunization.””?* Since removal of sequence vari-
ants during the purification of a therapeutic rhumAb is likely to
be extremely difficult, it is better to prevent their occurrences
in the first place. Hence, assay strategies should be implemented
to identify and minimize such potential errors when developing
CHO expression systems for producing thumAbs used in human
therapies. Since it is difficult to detect and quantify random
sequence variations using conventional analytical characteriza-
tion methods, modern analytical techniques should be developed
to address these challenges.

Most often a potential therapeutic thumAb molecule is not
well characterized during early stages of clinical development,
particularly when it is being expressed at small scale for devel-
opment of a stable cell line. Since a molecule-specific peptide
mapping method is not generally available for use in a sequence
variant analysis experiment early on, it seemed plausible that a
“standardized” peptide mapping method could be developed
and applied to essentially any rhumAb molecule. Tryptic peptide
mapping was selected as the primary approach because it pro-
vides good specificity of proteolysis?® and generates reproducible
peptide maps. Also, most thumAb tryptic peptides lie within a
size range suitable for mass spectral analysis.*® Another advantage
is that basic residues, e.g., K, R, are located at the C-terminus
of the tryptic peptides, which produces dominant y-series ions
in MS/MS experiments, and this has benefits in the interpreta-
tion of the MS/MS data.’® However, in our characterization of
thumAb therapeutics, the percentage of protein sequence cover-
age is targeted to be 295% for overall. Tryptic peptide mapping
alone cannot necessarily fulfill this requirement because trypsin
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usually generates a number of small peptides that elute in the
void volume. Thus, two enzymatic peptide mapping methods,
one using trypsin as the primary digestion protease and the
other using chymotrypsin as the secondary digestion protease,
were used in combination as the “standardized” approach. Other
more specific proteases, such as Asp-N and Glu-C, are not chosen
as the secondary enzyme because their peptide digests of IgGl
thumAbs often consist of a few large peptides with molecular
masses greater than 6,000 Da, which overlap with the sequence
of the one large tryptic peptide (~6,700 Da). These large peptides
typically do not fragment well in the CID experiments, hence, it
would be difficult to confidently interpret the MS/MS spectra
and pinpoint the exact locations for potential sequence variants.

In this work, “standardized” methods, including a 190 min-
ute HPLC gradient and DE function enabled MS settings, were
established for both tryptic and chymotryptic peptide mapping,
and these allowed effective screening for the presence of sequence
variants in a recombinant antibody at low levels, e.g., <5%. The
limit of detection of this two-peptide-mapping approach is estab-
lished for two different detection techniques, UV at 214 nm and
tandem MS with MascotETS auto-analysis. With visual com-
parison of UV peptide maps, if a variant peptide is not co-elut-
ing with an abundant expected peptide, then it can be detected
as a new peak when its relative peak area is 20.03% relative to
total peptide peak area; this corresponds to ~3% (w/w) at the
spiked-in protein level relative to an expected thumAb. The UV
peptide map comparison approach can be used as a rapid screen-
ing method to determine if one clone, among many, produces a
significant amount of a sequence variant. One of the assumptions
when using visual comparison of UV-peptide maps is that it is
unlikely that all of the clones being screened would generate the
same sequence variant. The successful detection and identifica-
tion of the two sequence variants (M83R at 5% and P274T at
42% levels) from two rhumAb B clones described in the case I
study demonstrated that the UV map comparison is capable of
detecting sequence variants at the protein levels >3%.

More sensitive detection is achieved by using the two-peptide-
mapping with tandem MS detection coupled with Mascot-ETS.
This combined approach allowed for the detection and identifica-
tion of all of the thumAb HER?2 peptides when added to thumAb
A at the protein level of 0.5%. The second case study presented in
this work demonstrated that this approach is capable of detecting
and identifying sequence variants as low as 0.3% at the protein
level. However, although this MS detection coupled with Mascot-
ETS database search technique is more sensitive than the UV map
comparison technique, it should only be used as a complimentary
method to the latter because it comes with two main limitations.
First, the Mascot-ETS search is based on single amino acid varia-
tions resulting from single nucleotide changes. Therefore, a pep-
tide sequence variant cannot be identified by the ETS search if it
contains a single amino acid variant resulting from two concur-
rent nucleotide changes or more than one amino acid substitution.
Second, as shown in the second case study, the Mascot-ETS search
often generates many false-positives and manual investigations
of mass spectral data to verify the sequence variant suggestions
are labor intensive and time consuming; very often well-trained
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mass spectrometric specialists are required to conduct such
investigations.

At the present time, there is no commercially available soft-
ware that is better suited than the Mascot-ETS approach for
sequence variant analysis. Clearly a more advanced and special-
ized software is needed for automatic tandem mass spectrometric
data analysis for full coverage of all potential sequence variations.
In order to reduce the high false-positive rate of the Mascot-ETS
search, efforts from both bioinformatics and mass spectromet-
ric instrumentation perspectives have been undertaken in our
laboratories. For example, Mascot Distiller has been evaluated
for processing the raw data into high quality, de-isotoped peak
lists before the Mascot-ETS search is conducted. A script writ-
ten for facilitating analysis of the post-ETS search outputs for
identifying sequence variants has been evaluated. In principle,
high resolution MS/MS data will decrease the false-positive rates;
however, Mascot-ETS does not give more credit to isotopically
resolved fragment ion spectra. As a consequence, we decided
to use a low resolution LTQ linear ion trap mass analyzer for
MS/MS data acquisition, which yielded more false positives, but
higher probability of catching minor variants due to fast cycle
time. Improvements in the quality of MS/MS data, and the tools
utilizing that information, will improve sequence variant analy-
sis. Such investigations are ongoing in our laboratories, and we
believe that results of these efforts would significantly reduce
false-positive ETS outputs and data analysis time.

Materials and Methods

Materials. Sequencing-grade trypsin was purchased from
Promega (Madison, W1, USA). Chymotrypsin (from bovine pan-
creas) was purchased from Roche Applied Science (Mannheim,
Germany). Tris(hydroxymethyl)aminomethane (TRIS Base),
hydrochloric acid, and sodium hydroxide were purchased from
J.T. Baker (Philipsburg, NJ, USA). Dithiothreitol (DTT), iodoa-
cetic acid (IAA), and calcium chloride dihydrate were purchased
from Sigma (St. Louis, MO, USA). Trifluoroacetic acid (TFA,
>99.5% purity) was purchased from Pierce (Rockford, IL,
USA). HPLC-grade water and acetonitrile were purchased from
Honeywell Burdick & Jackson (Honeywell, Morristown, NJ,
USA). Deionized water was prepared using a Millipore’s Milli-Q
system (Bedford, MA, USA).

Preparation of model samples. Two rhumAbs (referred to
as thumAb HER2 and rhumAb A) were produced using pro-
prietary techniques at Genentech (South San Francisco, CA). A
series of model samples (using rhumAb HER?2 as a model variant
of thumAb A) were prepared by adding rhumAb HER?2 directly
into thumAb A samples. Small amounts of rhumAb HER2 (20
mg/mL) were mixed with thumAb A (20 mg/mL) as follows: 1
UL rhumAb HER2 with 199 uL A, 1 uL rhumAb HER2 with
99 uL A, 3 uL rthumAb HER2 with 97 uL rhumADb A, and 5 uL
thumAb HER2 with 95 uL rhumAb A to generate thumAb A
samples with respective 0.5, 1, 3 and 5% protein sequence vari-
ants, respectively, from rhumAb HER2.

Stable CHO cell lines for rhumAb B and rhumAb C. CHO
cell lines stably expressing thumAb B and C were generated by
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transfecting parental CHO cells deficient in DHFR with plas-
mid encoding genes for DHFR and the heavy chains (HC) and
light chains (LC). The CHO cells were maintained in proprie-
tary serum-free F12/DMEM-based media at 37°C and 5% CO,.
Transfected cells were inoculated in medium in 96-well plates in
the presence of methotrexate, and good producers were identified
for scale up over several weeks based on antibody expression. The
top four producers, clones #3, #6, #11 and #104 for thumAb B
and clones #19, #109, #110 and #222 for thumAb C, respectively,
were selected for their high titer, as well as their desirable growth
and product quality characteristics as determined from a shake
flask evaluation using a fed-batch process with temperature shift.

The harvested cell culture fluids (HCCF) of the top four
clones from the shake flask evaluation experiments were submit-
ted to a small-scale Protein A isolation. About 3 mL of the HCCF
were loaded onto a POROS A/20 column (4.6 mm x 100 mm,
Applied Biosystems, Foster City, CA) that had been equilibrated
with 100 mM sodium phosphate, 250 mM sodium chloride,
pH 6.0. The column was washed with three column volumes of
equilibration buffer, followed by three column volumes of 0.4 M
potassium phosphate pH 7.0, and then another three column vol-
umes of equilibration buffer. The antibody was eluted with 0.1
M acetic acid pH 2.9 and neutralized to ~pH 5.0 by the addition
of 1 M sodium phosphate buffer at pH 6.0. A 5% stock solution
of polysorbate 20 was added to a final concentration of 0.05%.
The samples were stored in a refrigerator at 2°C—8°C prior to
performing a peptide mapping sequence variant analysis.

Enzymatic digestion of rhumAbs. Antibody samples were
denatured and reduced by mixing 50 UL of rhumAb sample
(20 mg/mL) with 20 uL DTT (1 M in Milli Q water) and 950
UL of the reduction and S-carboxymethylation (RCM) buffer
(6 M guanidine hydrochloride, 360 mM Tris and 2 mM EDTA,
pH 8.6). The reduction was carried out at 37°C for 1 hour. The
reduced samples were cooled to room temperature and subse-
quently alkylated by adding 50 pL freshly prepared alkylation
reagent (1 M sodium iodoacetate). The alkylation process was
carried out at room temperature in the dark for 15 minutes. DTT
(10 uL) was then added to stop the alkylation.

The reduced and carboxymethylated antibody samples were
buffer exchanged into the digestion buffer (25 mM Tris-HCl,
2 mM CaCl,, pH 8.2) using a Sephadex G-25M PD-10 column
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). For trypsin
digestion, the samples were digested with an enzyme to substrate
ratio of 1:50 (weight to weight ratio) at 37°C for 5 hours. For
chymotrypsin digestion, the sample was digested with an enzyme
to substrate ratio of 1:100 at room temperature for 2.5 hours. The
digestion was stopped by adding trifluoroacetic acid (TFA) to a
final concentration of 0.3%.

Tryptic and chymotryptic peptide mapping. Optimization of
the peptide mapping methods was carried out on an online-cou-
pled LC-MS/MS workstation employing an Agilent 1200 HPLC
system (Santa Clara, CA, USA) and a Thermo Fisher LTQ linear
ion trap mass spectrometer (San Jose, CA, USA).

HPLC. The column and HPLC conditions, except the elu-
tion gradient and sample injection volume, that were used for
separating the tryptic and chymotryptic peptide digests were the
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same as previously published.?’ An optimized 166-minute step
gradient was used as follows (minute/%B): 0/0, 3/0, 23/10,
160/40, 162/95, 165/95, 166/0. The total HPLC run time was
190 minutes. The sample injection volume was 100 pL (~35 pg
of digested protein).

Tandem mass spectrometry. The effluent from the HPLC was
infused directly through a fused silica capillary to the LTQ
ESI-MS operating in a positive ion mode with a mass scan range
of mass-to-charge ratio (m/z) 300-2000. For the MS/MS product
ion scan, the activation type was collision-induced dissociation
(CID), the normalized collision energy was 30, and the activation
time was 30 ms. An 11-scan-event LTQ MS method consists of a
full MS survey scan event followed by five cycles of a data-depen-
dent zoom scan, and a MS/MS scan on the top five most intense
ions. The dynamic exclusion (DE) function was enabled to reduce
data redundancy and allow low-intensity ions to be selected for
data dependent scans. The optimized DE parameters were as fol-
lows: a repeat duration of 30 seconds, an exclusion list size of 500,
an exclusion duration of 300 seconds, a low exclusion mass width
0.80, a high exclusion mass width of 2.20, and a repeat count of
3. Optimization of mass spectral acquisition methods is further
discussed in the results and discussion section.

Mass spectra data analysis and mascot-ETS. All acquired
MS and MS/MS data were submitted to a Mascot search engine
(version 2.1.6, Matrix Science, London, UK) and run against an
in-house protein database that contained protein sequences for
all of the thumAbs used in this study. Peptide identification was
achieved using a Mascot algorithm by comparing acquired mass
spectral data with theoretical parent and fragment ions. The fol-
lowing parameters were used in a Mascot first-pass matching
search: a peptide tolerance of 1,000 ppm, an MS/MS tolerance of
0.8 Da, a maximum missed cleavage of 1, a carboxymethylation
as the fixed protein modification, methionine oxidation and gly-
cosylation (G()) on asparagine as the variable modification, fully
tryptic as cleavage specificity for tryptic digestion, and no enzyme
cleavage specificity for chymotryptic digestion. The probability
based Mowse score was set for 225 for a significant match.

The unmatched MS/MS data were submitted for the second-
pass ETS. All possible sequence variations resulting from single
nucleotide substitutions are evaluated to match the MS/MS data
by Mascot-ETS. A list of potential sequence variants based on an
ETS is then generated. Manual investigation of the MS and MS/
MS raw data for expected and variant peptides was performed to
eliminate false positives.

Estimating the relative percentages of sequence variants.
If a variant peptide is completely separated from others, its UV
absorbance signal is integrated and compared with the peak area
of its expected peptide counterpart to estimate the relative per-
centage. If a variant peptide is co-eluting with other peptides or if
the UV signal is too weak to be accurately integrated, the EIC is
used to estimate relative abundance by manual integration using
Xcalibur QualBrower (Version 2.0.5, Thermo Fisher, San Jose,
CA, USA). The relative percentage of a sequence variant was esti-
mated by dividing the peak area of the variant peptide peak by
the sum of the peak areas for the parent and variant peptide peaks

based on their EICs.
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